Effect of doping and other device parameters on inter sub−band transition in the well
Introduction
Extensive progresses in the study of inter sub−band absorp− tion in quantum well (QW) structures for detection of wave− length in infrared region has been done over the past few decades [1] [2] [3] [4] [5] [6] . Researchers have also shown their interest in the design of photodetector based on QW structure because of its potentiality to use in sophisticated applications like medical science, night vision camera, thermal imaging, de− fence, etc. [7] [8] . Moreover, its performance can be engi− neered by controlling transport mechanism of photo excited carriers, mechanisms of injection and capture of carriers into the QWs, etc. [2] [3] [4] [5] [6] . HgCdTe based quantum well infrared photodetector (QWIP) has already proved its per− formance in this field but, cadmium is toxic material and so not suitable for environment friendly applications [9] [10] . Recently, GaAs−based QWIP has emerged as one of the most promising photodetectors for infrared (IR) imaging application in the Long Wavelength (LW) IR region [11] . Advantages of GaAs−based QWIP include easy wavelength adjustment, high thermal salability and high uniformity which recognized them as high performance detectors for third generation infrared cameras [12] . In addition, GaAs/ Al x Ga 1-x As based QWIPs can be designed for various appli− cations by controlling Al composition in AlGaAs layer and by controlling thickness of this layer [13] . Now, doping in the active layer of QWIP plays an im− portant role on the performance of the device. Moreover, wavelength of operation of the QWIP depends on the dop− ing in the active well layer [14] . Thus, choice of optimum doping concentration for enhanced performance of the de− vice is very important. Few works have already been carried out in this context, e.g., Gunapala et al. experimentally investigated the effect of doping on the QWIP performance based on bound−to−continuum transition [15] . But the work has been reported without any theoretical analysis in detail. So, the physics based accurate numerical modelling is re− quired to study the effect of doping in detail on the perfor− mance of these devices. In this article, we represent a theo− retical model for GaAs/Al x Ga 1-x As multiple quantum well (MQW) infrared photodetector (IP) considering the effect of doping on the potential in the well and hence on the overall performance of the device. Some best possible values of doping concentrations for enhanced performance are also suggested. Dark current has always an important role on the performance of photodetector. Doping dependent dark cur− rent has also been analysed in the present work. This model is applicable for other material systems also like, InGaAs/ AlGaAs, InGaAs(P)/InP and Si/SiGe, etc. to understand the effect of doping on the performance of the device. Rest of the paper is organized as follows. In Sect. II, the physics based theoretical model for QWIP is described. Simulation results are discussed in Sect. III and a summary of the work with conclusion is given in Sect. IV.
Theoretical model
Device structure of GaAs/Al x Ga 1-x As MQW IP, considered in our analysis, is shown in Fig. 1(a) . Alternate layers of GaAs well and Al x Ga 1-x As barrier on semi−insulating GaAs substrates is considered to form a multiple quantum well structure. GaAs layer is considered to be mainly responsible for absorption, i.e., active layer and is doped with Si donors where Al x Ga 1-x As barrier layer is undoped. Width of the well and barrier are symbolized as L w and L B , respectively. Multiple periods of well and barrier are sandwiched be− tween 0.7 μm thick GaAs top contact layer (doped with 2×10 18 cm -3 Si donors) and 0.5 μm thick GaAs bottom con− tact layer (Si doped to 2×10 18 cm -3 ). Light is assumed to be incident on the detector at an angle (f), 45°with the growth axis (z) as shown in figure.
One of the important performance parameters of photo detector is its responsivity which gives a measure of sensi− tivity, as well. Calculation of responsivity needs determina− tion of photocurrent density which in turn requires calcula− tion of the absorption coefficient (a). Absorption coeffi− cient concerning the inter sub band transition in the well is calculated first and, then, the photocurrent density is deter− mined. To determine the absorption spectra, a section (bar− rier−well−barrier) of the device, as shown in Fig. 1(b) , is considered. The electronic structure of the quantum well can be obtained by solving one dimensional (1D) time− independent Schrödinger equation for the wave function of electron y (z) with energy E as given below
Here, is the reduced Planck constant, m e * is the effec− tive mass of electron, V(z) is the potential due to band offset, q is the electron charge and e is the electric field. The
where, e 0 is the vacuum electric permittivity, k is the rela− tive permittivity of GaAs material, N is the quantum well doping concentration and the electron concentration is n(z) which can be written as
where j stands for different sub−bands and summation is taken over all sub−bands. Following Fermi−Dirac statistics, the j th sub−band occupation, n 2D, j is given by
where, E F is the Fermi energy, k B is the Boltzmann constant, T is the lattice temperature. Self−consistent solution of Eq. (1) A r , B r and k r varies from region to region whereas, the wave function, y r varies with z even within a region. So, each region is divided into several elemental pieces of equal and small length, Dz and y r (z) is calculated for all of these ele− mental lengths. However, the potential is assumed to be constant within a particular region [17] . Very small elemen− tal length is considered in order to minimize the error. How− ever, under the application of electric field, solution of Eq. (1) is different from Eq. (4) and is given by Absorption coefficient concerning transition between discrete energy levels in the well can be determined by using Fermi's golden rule for a harmonic perturbation [18] . The absorption coefficient a w
-( ) h for bound−to−bound (B-B) transitions can be written as
where, c is the velocity of light, n r is the refractive index of material, hw is the incident photon energy, m we * is the elec− tron effective mass in the well, G is the broadening factor which is equal to the full width at half maximum of the ab− sorption spectrum, E i and E f are the ground and excited state energies respectively, y i z ( ) and y f z ( ) are respectively the initial and final state wave functions. Similarly, for bound−to−continuum (B-C) transition, the absorption coef− ficient a w
where, E fc and y fc z ( ) are respectively the Eigen energy and wave functions of the continuum state, m Be * is the electron effective mass in the barrier andV 0 is the effective band off− set due to tilt of energy bands under bias. It may be men− tioned here that the wave functions such as y i (z), y f (z) and y fc (z) can be written as
here, y 1 (z), y 2 (z) and y 3 (z), i.e., y r (z) (where r = 1, 2 and 3) can be calculated from Eq. (4) 
where, n 0 and n j are electron densities under equilibrium and non−equilibrium conditions (for j th well), respectively, t r is the carrier lifetime of electrons and u e is the temperature de− pendent saturation drift velocity of electrons. 
where, P inc is the incident optical power, A is the area under illumination, L 1 is the distance of the nearest well from the front of the emitter as shown in Fig. 1(a) [20] . Moreover, thick barrier is considered in this model so, the field assisted emission is assumed to be the dominating process of escape of carriers from the well. Rate of escape of electrons, r esc at applied bias, V can be written as [20] [21] r V r e
where, r esc (0) is the rate of emission of electrons at zero bias and V s is the effective potential barrier lowering which de− pends on the band offset, V(z), Hartree potential, V z H ( ) and Eigen energy state.
The continuity equations are solved for each well with appropriate boundary conditions. The carrier distribution in a well depends on the carrier coming from the previous well, capture and escape probabilities of carriers in the well and recombination. Considering these and after a detail cal− culation, position dependent photogenerated electron den− sity, n j (z) in the j th well is obtained. After averaging this den− sity over whole width of the well, the average electron den− sity, n j in the j th quantum well is obtained as 
where, M is the number of quantum wells. The term, r r r esc esc r ( ) + in the above expression is nothing but escape probability (p e ) of electrons from the well. So, the average photocurrent density, J for multiple quantum well photo− detector can be written as [22] 
Finally, the responsivity of MQW photodetector is cal− culated by using the following relationship
Results and discussion
Values of some important material parameters of AlGaAs and GaAs, used in our MATLAB based simulation, are summarized in Table 2 (a) and 1(b) respectively. In addition, the thickness of the Al x Ga 1-x As barrier layer (L B ) of 30 nm, the incident optical power (P inc ) is assumed to be 1 mW and the device area (A) is considered as 200×200 μm 2 . Since the normal incidence is not capable to cause inter sub band tran− sitions in N−type quantum well structure as per the selection rule, the light is considered to be incident at an angle (f), 45°with the growth axis (z) as shown in Fig. 1(a) . To study the effect well doping on the responsivity spec− tra, we need to study the absorption coefficient first which requires determination of Eigen energy states and wave function of carriers. Now, the Eigen energy states and shape of the wave functions strongly depend on the position de− pendent Hartree potential. Moreover, the wave function of electrons in the lowest, i.e., ground Eigen energy state, in particular, greatly depends on shape of the Hartree potential, as well. The energy Eigen states, wave function and Hartree potential can be obtained by self−consistent solution of Eq. (1) and Eq. (2). But, this solution needs to include the variation of Fermi level energy, E F with doping concentra− tion which is computed and plotted for different tempera− tures in Fig. 2 . Variation, without considering the effect of temperature on Fermi Level, is also plotted in the same graph. It is clear from figure that role of temperature on E F is insignificant at lower range of temperatures. So, tempera− ture independent E F may be considered for computation of performance parameters in the low range of temperature. However, in this work, temperature dependent E F is consid− ered for all calculations. Self consistent solution of Hartree potential is obtained from Eq. (1) and Eq. (2) and is plotted, as a function of position, z (growth direction) for different doping concentrations, in Fig. 3 . Shape of the variation of Hartree potential is parabolic in nature and it has maxima at the centre of the well. It is seen that maximum built−in potential is about 4.3 meV at room temperature for doping density of 3.0 × 10 17 cm -3 in the well of width, 5.8 nm. It is also observed that the value of Hartree potential increases with the increasing doping concentration in the well. So, the Eigen energy states, wave function and hence, absorption spectra of the device can be controlled by controlling dop− ing concentration in the well. After obtaining Eigen ener− gies and wave functions, absorption coefficient is deter− mined using Eq. (6) or Eq. (7). Absorption spectra for dif− ferent doping concentrations are shown in Fig. 4 . For 5.2 nm wide well is doped with 5 × 10 17 cm -3 Si donors, the peak absorption coefficient is obtained at wavelength of 8.57 μm which is in good agreement with the available experimental data in Ref. 23 where peak absorption coeffi− cient is obtained at 8.75 μm. Slight discrepancy in this result may be due to the use of a simplified 2×2 Hamiltonian method and due to the choice of conduction band disconti− nuity [24] because there are discrepancies in its reported values. It is seen from Fig. 4 that the peak absorption makes a blue shift with decreasing doping density in the well. Increase in doping density results in increment of Hartree potential which in turn modifies the Eigen energy states, wave function and, hence, absorption. Peak value of absorp− tion coefficient proportionately varies with doping concen− tration which can be clearly understood from Eq. (6) and Eq. (7). It is important to mention at this juncture that similar variation of normalized absorption was observed by Gunapala et al. as reported in the literature [14] .
Well width also has a role on the absorption spectra because the positions of quantized energy states, as well as the number of states inside the quantum well can be varied by controlling the well width. The variation of normalized absorption as a function of wavelength for different widths of the well is plotted in Fig. 5 . It is seen from figure that with increasing well width, the peak value of absorption coeffi− cient increases and the peak absorption makes a red shift, i.e., shifts towards longer wavelengths. It is also seen that at higher values of well width, spectral width of absorption spectra becomes narrower. This is due to the fact that with Opto−Electron. Rev., 24, no. 1, 2016
A. Billaha increasing well width from 5.2 nm to 6.2 nm, the effective band offset due to conduction band discontinuity and built− −in potential changes from 0.2186 eV to 0.2191 eV. Hence, the quantized energy states change from E 1 = 0.0693 eV and E 2 = 0.2182 eV to E 1 = 0.0565 eV and E 2 = 0.1998 eV, respectively (E 1 and E 2 are the ground and excited energy state). As a result, bound to bound transition is observed which causes the increase in absorption, as well as less broadening. Also, the number of quantized states increases with the increasing well width. Absorption can be tuned by controlling the composition of Al in the GaAs well. De− pendence of absorption spectra on Al mole fraction (x) is illustrated in Fig. 6 where 5.8 nm wide well is doped with 2.2×10 17 cm -3 Si donors. Conduction band discontinuity increases with x so, the excited, as well as ground state shift upwards. For example, energy shifts from E 1 = 0.0593 eV and E 2 = 0.1963 eV to E 1 = 0.0628 eV and E 2 = 0.2205 eV, respectively with the increase in mole fraction from x = 0.24 to 0.28. As a result, the peak absorption wavelength shifts towards shorter wavelength and its value also increases. Proper choice of device parameters such as well and barrier width, doping concentration and mole fraction of Al allow us to select the B−B and B−C transitions. However, absorp− tion spectra for these transitions are not the same in nature. So, it is important to study the variation of absorption spec− tra for both of these transitions. Figure 7 represents the nor− malized absorption coefficient B−B and B−C transitions at V = 0.75 V. It is observed that the B−B transition has nar− rower spectral broadening as compared to the B−C transi− tion. This can be understood by following the explanation for variation of absorption with well width in Fig. 5 shown earlier. Thus, by changing well width, doping concentration and mole fraction, position of the highest energy state in the well can be set to obtain resonance condition. At this condi− tion, highest energy state is almost aligned with top of the barrier so that only small bias is sufficient to obtain sig− nificant photocurrent. To calculate photocurrent and, hence responsivity in MQW photodetector, emission process of electrons from one well is very important. In this work, we have considered a thick barrier which is almost equal or above five times thicker than well. So, the contribution of tunnelling current is negligible. Validity of this assumption can be understood from Fig. 8 where transmission coefficient for different widths of the well is shown. Very low value of transmission coefficient confirms that the contribution of tunnelling cur− rent is negligible for the structure considered in our analysis. Field induced emission of electrons is considered to be the main contribution of photocurrent and it is calculated using Eq. (14) . Based on this current, responsivity is obtained from Eq. (15) and its variation as a function wavelength is shown in Fig. 9 . We took the occasion of verifying our model by plotting experimental values of responsivity in the same graph. Experimental values of responsivity for similar structure are extracted from literature [3] . Result shows a good agreement of our model with the experimental data which confirms the clear and unambiguous validation of this work. In this framework, it is important to note that the shape of the responsivity spectra strongly depends on the shape of absorption coefficient which, in turn, depends on spectral broadening factor, G as mentioned in Eq. (7). In our simulation, small bias is assumed to be applied to the detec− tor and, hence bound−to−continuum transition is considered in the calculation of absorption coefficient using Eq. (7). The spectral broadening parameter is chosen to be 6 meV for bound−to−continuum transition, a reasonable value for GaAs/AlGaAs, as a fitting parameter to match the shape of the calculated result with the experimental data. Slight vari− ation between theoretical and experimental values may be due to the following fact. Values of material parameters like electron mobility, saturation drift velocity etc. are taken from literatures other than Ref.
3 from which the experi− mental values of responsivity are taken since their values are not mentioned in this literature. We have used electron mobility (μ) in the range of 1000 cm 2 V -1 s -1 and saturation drift velocity of 7.2×10 6 cm -1 at T = 300K which are in accordance with some measured values reported in litera− ture [5, [25] [26] [27] . Zero bias escape time of electrons varies from 10 -14 s to 10 -12 s and it is different in the case of B−C and B−B transition in accordance to some reported literature [20] [21] . In this analysis, escape time of electrons at zero bias is taken as 1.4 × 10 -13 s and 26×10 -13 s respectively, for B−C and B−B transition. There are some discrepancies in the values of carrier lifetime ( ) t r as reported in different li− teratures [15, 20, [27] [28] . However, all the reported values are in the order of ps and in our calculation it is taken as 6 ps.
Effect of doping on the peak responsivity in a MQW photodetector can be clearly seen from Fig. 10 where dop− ing concentration is taken as a parameter. It is clear from figure that the peak responsivity increases with the increase in doping concentration and the peak shifts towards longer wavelength region. This is due to the variation of an absorp− tion coefficient with doping which has already been explai− ned earlier. Spectral width also increases with doping con− centration. For better understanding of the variation of peak responsivity and wavelength with doping, these parameters are plotted as a function of doping and are shown in Fig. 11 . It is interesting to observe that the peak response and wave− length varies nonlinearly with doping. In the range of N < 1.2 × 10 17 cm -3 , effect of doping on the peak wavelength is insignificant whereas for N > 1.2 × 10 17 cm -3 , the effect is significant. So, the desired wavelength (in infrared region) of operation can be obtained by proper choice of doping in the well. Responsivity can be enhanced also by choosing doping concentration. It is important to mention here that the well width and Al mole fraction also have similar effect on the photocurrent and, hence responsivity of the device because the absorption coefficient varies with these parame− ters significantly and these variations have already been shown in some previous graphs. Though the variation of responsivity with well width and Al mole fraction is not shown in figure, some values of responsivity, operational wavelength, spectral widths for different combinations of doping concentration, well width and Al mole fraction are summarized in Table 2 for quick reference. The study of the dark current is also important in this analysis since it limits the QWIP performance. Some of the reported literature such as Levine et al. [29] and others [30] [31] [32] [33] [34] , the origin of the dark current is studied. In our analysis, the effect of doping concentration on the dark cur− rent is presented in Fig. 12 . It is clearly seen that the value of dark current density increases with increasing doping con− centration in the well. For a particular doping concentration, dark current increases rapidly at lower range of bias volt− ages but at slower rate in the high range of bias voltages. This is due to the saturation of drift velocity of electron at high bias.
Conclusions
Based on theoretical modelling, the effect of doping con− centration and some device parameters on the performance of GaAs/Al x Ga 1−x As QWIP is analyzed. Peak responsivity and spectral width increase nonlinearly with doping in the well. Also, the peak shifts towards longer wavelengths with increase in doping. Thus doping plays an important role in deciding the wavelength of operation of infrared photode− tector and enhanced responsivity can be obtained by proper choice of doping concentration. Performance of the device depends also on some device parameters and other material parameters like width of the well, mole fraction of Al in GaAs well, etc. With increasing well width, peak absorption coefficient increases and the peak shifts towards longer wavelength. But with increase in mole fraction of Al in the barrier, the peak absorption shifts towards shorter wave− length. However, absorption increases with increase in Al mole fraction. Responsivity of the device also varies with width of the well and Al mole fraction and, hence enhanced responsivity can be obtained by a proper choice of these parameters. Moreover, the dark current can be reduced by the decreasing doping concentration in the well. Thus cho− ice of the doping concentration is one of the important parameters in design of high performance QWIP.
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